ABSTRACT Background: Whether infants regulate copper absorption and the potential effects of excess copper in early life remain poorly defined.
INTRODUCTION
Homeostatic mechanisms regulate copper absorption over a wide range of intakes in humans. Copper absorption in young adults measured by using 65 Cu retention, was found to change from 55.6% to 36.3% and to 12.4% when copper intake was 0.79, 1.68, and 7.53 mg/d, respectively (1) . This suggests that copper absorption is dependent on copper intake over a wide range of dietary exposures. Yet the limits of homeostasis-specifically, the amount of copper exposure that can result in early, detectable adverse consequences-remain unclear. Clinical controlled studies in infants (2) and community-based intervention studies in apparently healthy adults exposed to 3-10 times the customary copper intake (up to 9 mg Cu/d) have not shown significant changes in traditional indicators of copper status (3) (4) (5) .
Data regarding copper absorption and its regulation during early life are limited. The assumptions are that copper accumulates in fetal liver during the third trimester of pregnancy (6, 7) and that stored copper will meet infant copper requirements during the breastfeeding period, while milk copper concentration is low (8) . However, the risk of excess copper exposure in young infants fed formulas prepared with water containing high concentrations of copper remains a concern among pediatricians iving in areas where drinking water may contain more than a few (1-2) milligrams of copper per liter of water. Our group (2) reported results from infants exposed to 80 g Cu · kg Ҁ1 · d Ҁ1 for 14 d showing that copper absorption, studied by using stable isotopes, was similarly high at 1 and 3 mo of age, which suggests either that young infants cannot down-regulate copper absorption as has been observed in adults (1) , or that the dose or duration (or both) of the load used for the study was insufficient to alter copper homeostasis, and therefore the copper did not trigger a compensatory response (2) . To address this question, we report here the effects of controlled, chronic (from birth to 5 mo of age) copper exposure in an infant rhesus monkey (Macaca mulatta) model, with the use of a copper load based on estimations of the copper intake needed to induce Indian childhood cirrhosis (9) . In addition, long-term consequences of high neonatal copper intake were addressed by monitoring liver histology and function up to 8 mo of age, ie, 3 mo after exposure to high copper had been discontinued.
MATERIALS AND METHODS

Study design
This protocol was approved by the Animal Care and Resources Committee and the Radiation Use Authorization Committee at the University of California, Davis. Infant rhesus monkeys were obtained from the California National Primate Research Center (Davis, CA). Animals were kept indoors under the constant care of nursery and veterinary staff and were bottlefed ad libitum from birth to age 5 mo with a standard, commercially available infant formula (Enfamil; Mead Johnson Nutritionals, Evansville, IN; n ϭ 4) containing 0.6 mg Cu/L (n ҃ 4) or the same formula supplemented with CuSO 4 (an additional 6.0 mg Cu/L) (n ҃ 5). From birth to 1 mo, the animals were individually housed in polycarbonate isolettes with a surrogate mother (a terrycloth dummy); from 1 to 5 mo of age, 2 animals were housed in each stainless-steel cage. Food intake was monitored daily. Monthly anthropometric measures (weight and crown-rump length) and fasting (2 h after last feeding) venous blood samples were taken. At ages 6, 8, and 12 mo (1, 3, and 6 mo after discontinuation of the copper load), blood samples were drawn, and the measurements were repeated. At ages 1, 5, and 8 mo, copper absorption was measured after radioisotope administration ( 67 Cu), and a biopsy was performed of liver tissue from all animals unless otherwise stated.
Hematologic studies
Hemoglobin, hematocrit, and white blood cell differential (CD4/CD8) were quantified with an automated electronic cell counter (Baker 9010 Analyzer; Serono-Baker, Allentown, PA). Ceruloplasmin oxidase activity in plasma was assayed with the use of o-dianisidine dihydrochloride according to the method of Schosinsky et al (10) .
Absorption studies
Copper retention was measured after radioisotope administration. Monkeys were fasted for 4 h before being fed the radiolabeled formula [Ȃ1 Ci 67 Cu (Brookhaven National Laboratory, Brookhaven, NY)/3 mL diet] by orogastric intubation. Immediately after dosing, each animal was placed inside a whole-body counter (Institute of Toxicology and Environmental Health, University of California, Davis, Davis, CA) equipped with two 10 ҂ 20 -cm sodium iodide crystals and a multichannel analyzer (ND-66; Nuclear Data, Schaumburg, IL) for measurement of the amount of radioactivity administered. No food was given for 2 h after dosing. Radioactivity in the animals was recounted after 4 d to ascertain the amount of isotope retained. Whole-body copper retention was calculated as the amount of radioactivity retained after 4 d, and isotopic decay was taken into account.
Plasma mineral analysis
Samples were digested with 0.1% (by vol) ultrapure nitric acid as described by Clegg et al (11) . Plasma copper and zinc concentrations were analyzed by flame atomic absorption spectrophotometry (Thermo Jarrell Ash, Franklin, MD). Bovine liver preparations were used as reference materials (Standard Reference Material 1577; National Institute of Standards and Technology, Gaithersburg, MD) to validate the mineral analyses.
Liver enzymes
Total protein, albumin, alanine aminotransferase, aspartate aminotranferase, gamma-glutamyl transferase, alkaline phosphatase, bilirubin, creatinine, and blood urea nitrogen were measured by the Veterinary Clinical Diagnostic Laboratory at the University of California, Davis, with the use of commercially available kits (Roche Diagnostics, Indianapolis, IN), and analyzed by using a Hitachi 1717 Clinical Chemistry Autoanalyzer (Roche Molecular Biochemicals, Indianapolis, IN).
Studies in biopsied liver tissue
Tissues for biopsy were obtained by suction of the liver with the use of a small (infant) needle, always in the right-side liver lobe and with the needle inserted in different directions at each insertin to avoid sampling only one area. The tissue samples were cut into pieces for light and electron microscopy and for measurement of tissue copper content. One piece was fixed in 4% formaldehyde for 8 -12 h at room temperature and then washed twice in buffer and progressively dehydrated with graded ethanol and xylene. Tissue was embedded in paraffin, serially sectioned at 5 m, and stained for hematoxylin and eosin and rhodamine, according to routine procedures. Specific monoclonal antibodies were used to assess metallothionein concentration and the number of Küpffer cells by immunohistochemical techniques. For Küpffer cell assessment, a semiquantitative scale was developed, defining 0 as absence of staining and ѿѿѿ as the strongest staining observed. The number of Küpffer cells and apoptotic cells were expressed as the mean number of cells per 5 fields. Two observers (MTV and MA) performed all histologic evaluations unaware of the animal assessed; their evaluations showed 95% agreement. The third piece of tissue was snap-frozen and maintained at Ҁ70°C until it was analyzed.
Electron microscopy studies
For transmission electron microscopy, tissue was fixed for 8 -10 h in 4% paraformaldehyde plus 0.5% glutaraldehyde in phosphate buffer (0.1 mol/L; pH 7.4), at room temperature. After being washed 3 times in phosphate buffer, the tissue was dehydrated with graded ethanol and embedded in LR-Gold resin (EMS, Fort Washington, PA) as described previously (12) . After peroxide-induced polymerization in cold, the resin blocks were cut in a Reichert ultramicrotome, the 70-nm thin sections were collected on formvar-coated 300 mesh grids (EMS) and then stained with uranyl acetate and lead citrate. The specimens were assessed with a CM100 electron microscope (Philips Electron Optics, Eindhoven, Netherlands) operating at 80 kV.
Measurement of copper content in biopsied liver tissue
The biopsied liver tissues were weighed and dried for 12 h at 200°C. The tissue was processed according to the Association of Official Analytical Chemists (13) . Briefly, the tissue was digested with a mix of ultrapure nitric acid (2 mL) and sulfuric acid (2 mL) and boiled in a micro-Kjeldahl digestion unit (Labconco Corp, Kansas City, MO) for 15 min. The digest was cooled, perchloric acid (2 mL) was added, and the mixture was boiled again until the sample was colorless and transparent. The digest was diluted with 10 mL demineralized and double-distilled water. The copper content was measured by using an atomic absorption spectrometer equipped with graphite furnace (SIMAA 6100; Perkin Elmer, Shelton, CT). MR-CCHEN-002 (Venus antiqua) and Dolt-2 (Dogfish liver) preparations were used as reference materials to validate the mineral analyses.
Statistical analysis
Values are given as mean (ȀSD). Statistical analysis was performed by two-factor repeated-measures analysis of variance with a Bonferroni posttest or t test (for 67 Cu retention, liver enzymes, and liver liver concentration) by using GRAPHPAD PRISM software (version 3.02; GraphPad, San Diego, CA). Main effects of copper treatment and the interaction between copper treatment and age were ascertained. Significance was set at P ҃ 0.05.
RESULTS
The copper-supplemented formula was well accepted; food intake did not differ significantly between copper-treated and control animals (data not shown). There was a trend toward an age ҂ copper treatment interaction for weight that favored the high copper group, but the difference was not significant (P ҃ 0.06) (Figure 1 ). There was no significant age ҂ copper treatment interaction for hemoglobin concentration, hematocrit, plasma copper concentration, or ceruloplasmin activity ( Figure   1 ). The age ҂ copper treatment interaction for plasma zinc concentration was significant (P 0.05). Copper-supplemented animals had significantly lower plasma zinc concentrations than did control animals during the copper supplementation period; however, after discontinuation of copper supplementation, plasma zinc concentrations returned to normal (Figure 2 ). There was no significant effect of copper treatment on liver aminotransferases or alkaline phosphatase. Retention of 67 Cu at ages 1 and 5 mo was 19.8 Ȁ 2.6% and 10.9 Ȁ 2.0%, respectively, in the copper-treated animals (n ҃ 4 animals/group). We were unable to evaluate 67 Cu retention in control animals at those ages because of the unavailability of 67 Cu at the specific times (ie, the production of the short-lived isotope at the intended age did not coincide with the availability of control animals at the UC Davis Primate Center), but data from our previous studies showed that Ȃ75% of 67 Cu is retained in control animals at ages 1 and 5 mo (14) . At age 8 mo-ie, 3 mo after cessation of copper supplementation-there was no significant effect of prior copper treatment on 67 Cu retention (control animals: 31.5 Ȁ 13%; coppertreated animals: 22.9 Ȁ 5.6%).
A limitation to this study is that liver tissue for only one biopsy was obtained from each control animal, and that sample was obtained when the animals were 2 mo old; thus, comparison of experimental animals at ages 1 and 5 mo is made by contrasting those findings with these single samples of biopsied tissue. Architecture and histologic characteristics of copper-treated animals were normal as examined by light microscopy (Figure 3) and did not differ significantly from those observed in control animals at all ages. Signs of tissue scarring were not observed, which suggests that tissue samples for consecutive biopsies were obtained from different places. Rhodamine staining was negative in biopsied tissue obtained at age 1 mo; however, in that obtained at age 5 mo, fine, small cytoplasmic granules were seen in some areas, mainly around the central venules, in copper-treated animals ( Table 1) ; in control animals, rhodamine staining was negative at all times. When the numbers of Küpffer cells seen in the biopsied tissue obtained at 2 mo (the control biopsies) and in the biopsied tissue obtained at ages 1 and 5 mo, the coppertreated animals showed 70% and 49% more Küpffer cells, respectively, than did the controls.
Positive metallothionein staining was found in both the cytoplasm and nuclei in controls and copper-treated animals at 1 mo, and the distribution was mainly around the central venule. Semiquantitative analysis of metallothionein staining classified copper-treated animals as (ѿѿѿ), whereas controls were (ѿ). Pyknotic nuclei and apoptotic cells were few in all animals, but, at age 5 mo, there were twice as many apoptotic cells in coppertreated animals as in control animals. At age 8 mo, all indicators measured were normal, and none differed significantly between treated and untreated animals. After 1 mo of copper treatment, irregularly shaped nuclei containing condensed chromatin were often seen on electron microscopy. Abundant, polymorphic mitochondria ranged in size from 0.5 to 1 m and displayed visible cristae. Hepatocytes contained numerous secondary lysosomes, which were filled with electron dense material. In many cells, FIGURE 2. Plasma ceruloplasmin, copper, and zinc concentrations during the first 12 mo of life in Macaca mulatta exposed (F; n ҃ 5) or not exposed (E; n ҃ 4) to 6 mg CuSO 4 /L. A significant decline in zinc during the first 5 mo (period of high copper exposure) was noted, and the zinc concentration ҂ copper exposure interaction was significant (P 0.05). No significant differences in copper and ceruloplasmin concentrations were noted. there were scanty glycogen rosettes and numerous small vesicles; in general, rough endoplasmic reticulum (RER) was prominent, but in cells that were rich in vesicles, the RER was somewhat distorted. At 5 mo, the cell ultrastructure of hepatocytes was normal in all animals, with well-defined mitochondria, regularly shaped nuclei, chromatin decondensation, abundant mitochondria of normal appearance with well-defined cristae, few secondary lysosomes, abundant glycogen rosettes, few or no vesicles, and profuse RER.
The limitation of obtaining only one liver tissue sample for biopsy from the control animals also applies to copper measurements in liver. After 1 mo of copper treatment, the liver copper concentration was 4711 g/g dry tissue weight (Table 1) ; this value decreased to 1139 g/g dry tissue weight at age 5 mo and then progressively decreased to 498 g/g dry tissue weight at age 8 mo. Yet, at age 8 mo, or 3 mo after discontinuation of copper treatment, copper-treated animals still had significantly higher liver copper concentrations than did control animals. If measurements in experimental animals at ages 1, 5, and 8 mo are compared with the single measurement performed at age 2 mo in the control animals, the differences are significant (P ҃ 0.001, P ҃ 0.001, and P ҃ 0.005, respectively).
DISCUSSION
Indicators of copper status such as serum copper and ceruloplasmin concentrations remain unchanged in human infants consuming different amounts of copper (15) (16) (17) . We observed similar results in infant monkeys, which suggests that blood copper homeostasis is tightly regulated. However, the effects of copper on small intestine and liver, tissues that play a dominant role in copper homeostasis, show evidence of regulatory responses. Mechanisms that control intestinal copper absorption are immature during early neonatal life in rats (18) , which potentially places younger animals at greater risk for adverse consequences of high copper exposure. Copper supplementation of suckling rat pups resulted in small-intestine copper concentration that was significantly higher than that in control rats, but plasma copper concentration was not affected (19) . In addition, young coppertreated rats accumulated more hepatic copper, had more severe liver changes, and had higher serum liver enzyme activities than did adult rats (20) , which further suggests that the ability to regulate copper homeostasis is age-dependent. In our infant monkeys, high copper intake during the first 5 mo of life was well tolerated and resulted in no evidence of clinical copper toxicity, whereas copper treatment did result in a progressive reduction in 67 Cu retention, which suggests that copper retention is indeed down-regulated in infant primates when dietary copper intake is high. Previous studies in human infants fed 80 g Cu/kg/d did not detect changes in copper retention between 1 and 3 mo of age (2), but copper exposure in the current study was Ȃ75 times higher than that in the study conducted in human infants, and it more adequately reflects the copper intake of infants fed infant formula that has been reconstituted with copper-contaminated drinking water (9) .
Copper treatment induced detectable changes in the liver (Table 1). At 1 mo, liver copper concentration was significantly higher in copper-treated infants than in controls (4711 and 250 g/g dry tissue, respectively), and this difference was associated with a 70% increase in Küpffer cells, which suggests some form of stress or a trigger for inflammation. After birth and over the first months of life, these cells are thought to progressively increase in number, but no reference data are available from which to estimate the magnitude and the precise timing for this in humans or primates. Küpffer cells are the resident macrophages in the liver, and they are known to migrate rapidly and proliferate locally in response to various stimuli (21-23). Therefore, it is possible that the marked increase in the numbers of Küpffer cells found after 1 mo of copper treatment may be a tissue response to manage oxidative stress due to copper exposure rather than a result of age alone. However, these findings were not associated with evidence of hepatitis, which contrasts with observations made in Fisher rats by Fuentealba et al (20) , who found multifocal hepatitis and widespread single-cell necrosis in coppertreated rats. Detection of metallothionein was markedly increased, and electron microscopy corroborated that copper was indeed deposited in hepatocytes and that at least part of the copper was retained in lysosomes, as reported by others (20) . The fact that not all measurements could be done exactly as planned represents a limitation of this study.
At age 5 mo in these monkeys, liver copper content remained high, whereas copper retention had decreased from 19.8 Ȁ 2.6% to 10.9 Ȁ 2.0%. Biliary excretion is immature at birth, and serum bile acid concentration is low as reflected by the low efficiency of intestinal fat absorption (24) . Serum bile acid concentrations increase after birth, and they remain significantly higher through the first 4 to 6 mo of life than they are in adults (25, 26) . One can speculate that age-related improvement in biliary function may have contributed to the lower liver copper concentration we observed at age 5 mo than at age 1 mo, because bile is the primary route for copper excretion. After 5 mo of copper loading, there were no signs of hepatitis and no further increase in the number of Küpffer cells, but the proportion of cells in which apoptotic nuclei were observed was significantly greater at age 5 mo than at age 1 mo. This observation agrees with those of others in rats (20) and may reflect the duration of copper treatment. In contrast to the high copper concentration measured in the liver, only a light (fine, granular) positive rhodamine staining was detected in the liver, which suggests that copper may be sequestered in a form or compartment that does not react with rhodamine. It is interesting that, in children with biliary atresia, Wilson disease, and Indian childhood cirrhosis (in which excess copper is deposited in the liver), this staining is intensely positive (9, 27) . It is particularly interesting that Wilson disease results from a mutation in the ATP7B gene, which encodes a copper-specific ATPase (28, 29) . The normal ATP7B gene product (Atp7B) is localized to the transGolgi apparatus and, in cultured hepatocytes, relocalizes to a vesicular compartment to either sequester copper or facilitate copper excretion (30) . The Wilson disease mutation is associated with a failure of Atp7B relocalization and thus restricts copper excretion via the biliary pathway, which facilitates hepatotoxicity. In rat pups, ATP7B is not appreciably expressed until late infancy (19) , and, thus, copper transport mechanisms responsible for cellular copper excretion, in addition to immature biliary function, may not yet be fully mature in the rhesus monkey at age 1 mo. Thus, maturation in Atp7B localization may also play a role in the different patterns of rhodamine staining we observed in the animals at ages 1 and 5 mo.
Although no effects of copper treatment on indicators of copper status were observed, plasma zinc concentration was significantly lower in animals exposed to high dietary copper. The disappearance of this effect after discontinuation of copper treatment suggests it was a correctable, acute response to high copper intake. An interesting aspect of this study was the assessment of residual long-term consequences of early neonatal copper exposure. Three months after discontinuation of copper treatment (ie, when the animals were 8 mo old), while animals were receiving the recommended amount of dietary copper, retention 22.9%, as compared with 10.2% at age 5 mo. The higher value was still lower than the 67 Cu retention measured in the control animals (31.5%), which indicated that, 3 mo after discontinuation of the high copper intake, retention was still down-regulated. It is interesting that, at this time, the light-positive copper staining in the liver was no longer detected, and that liver copper concentration diminished further, to 250 g/g dry weight. Yet this concentration was still approximately twice that observed in controls. Histologic indicators evaluated by light and electron microscopy were all normal, which suggests that the changes previously detected were reversible.
In summary, in response to a high copper load, infant rhesus monkeys at age 1 mo efficiently down-regulated copper absorption; despite this, there was a remarkable increase in liver copper concentration, which was not associated with histologic evidence of hepatitis, although changes in cell ultrastructure were suggestive of early tissue damage. These changes disappeared 3 mo after discontinuation of copper treatment, which supports that reversibility of the changes. Additional interesting findings include an early increase in the number of Küpffer cells, which may represent a tissue response to excess copper. The lack of intense rhodamine staining suggests that copper was complexed or compartmentalized in a way that was nonreactive to rhodamine. It is well known that neonates have a high liver copper concentration, sometimes even higher than the concentrations observed in patients with Wilson disease, without suffering adverse effects, and our findings support the idea that, during the first months of life, the liver is able to handle considerable amounts of copper without permanent histologic damage.
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